Generation of protective immunity to infections and vaccinations declines with age. Studies in healthy individuals have implicated reduced miR-181a expression in T cells as contributing to this defect. To understand the impact of miR-181a expression on antiviral responses, we examined LCMV infection in mice with miR-181ab1-deficient T cells. We found that miR-181a deficiency delays viral clearance, thereby biasing the immune response in favor of CD4 over CD8 T cells. Antigen-specific CD4 T cells in mice with miR-181a-deficient T cells expand more and have a broader TCR repertoire with preferential expansion of high-affinity T cells than in wild-type mice. Importantly, generation of antigen-specific miR-181a-deficient CD8 effector T cells is particularly impaired, resulting in lower frequencies of CD8 T cells in the liver even at time points when the This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). Abstract
INTRODUCTION
With increasing age, the ability of the immune system to protect against infections erodes Nikolich-Žugich, 2018) . Incidence and severity of viral infections increase. More than 90% of all influenza-related deaths in the United States occur in older individuals (Targonski et al., 2007; Thompson et al., 2003) . Immune responses to influenza variants are usually a mixture of primary and recall responses in adults, and it is therefore undetermined whether the increased susceptibility is due to defective immune memory. However, mortality and morbidity with newly arising infections are at least equally increased. The risk of neuroinvasive disease from West Nile virus (WNV) increases with age, with the highest incidence, hospitalization, and case-fatality rate in persons aged ≥70 years (Lindsey et al., 2010) . Similarly, defects in primary immune responses to several vaccines have been described, including tick-borne encephalitis, Japanese encephalitis, hepatitis A, and pandemic influenza strains (Cramer et al., 2016; D'Acremont et al., 2006; Jílková et al, 2009; Langley et al., 2011) . For yellow fever vaccination, development of seroprotection is significantly delayed in older individuals (Roukens et al., 2011) . A similar observation was made for the hepatitis B vaccine (Weinberger et al., 2018) , where more booster vaccinations were required to achieve seroprotection in non-immune older adults. Interestingly, recall responses in immune individuals were not affected by age in this study.
Studies over the last decade have explored the mechanisms that could account for these defects . In most old individuals, homeostatic mechanisms are able to maintain a sufficiently large and diverse naive CD4 T cell repertoire to respond to the variety of antigens (Qi et al., 2014) . Naive CD8 T cells are less well preserved, which may in part explain the defective antiviral responses (Czesnikiewicz-Guzik et al., 2008; Nikolich-Žugich et al., 2012) . Alternatively, age-associated T cell-intrinsic defects in cell signaling and differentiation may contribute to the finding of impaired adaptive immunity (Kim et al., 2017) . In in vitro studies, we had initially observed that naive CD4 T cells from older individuals have impaired ERK phosphorylation upon T cell receptor (TCR) stimulation due to reduced expression of miR-181a . Transcription of pri-miR-181a is regulated by a transcription factor network including YY1 and TCF1; the expression of these transcription factors and consequently the expression of miR-181a in naive T cells declines with age (Ye et al., 2018) . An age-associated decline in miR-181a expression is also seen in mice ( Figure S1 ), suggesting that this decline is a hallmark of T cell aging. miR-181a was first described in mouse thymocytes and T cells as the master regulator of the TCR activation threshold by controlling the expression of the cytoplasmic DUSP6 and other negative-feedback pathways including PTPN22, SHP2, DUSP5, and SIRT1 (Li et al., 2007; Zhou et al., 2012 Zhou et al., , 2016 . miR-181a is highly expressed in double-positive (DP) thymocytes; expression declines with differentiation to single-positive (SP) thymocytes and peripheral T cells (Li et al., 2007) . It has been postulated that the high expression facilitates positive selection through the recognition of autoantigen, while the lower expression in peripheral T cells prevents autoimmunity (Ebert et al., 2009 ).
Here, we used a mouse model to determine the impact of miR-181a deficiency in T cells upon anti-viral responses in vivo and to infer the implications for the age-associated decline of adaptive immunity. We observed that the T cell response after lymphocytic choriomeningitis virus (LCMV) infection is skewed toward the expansion of antigenspecific CD4 T cells. Generation of CD8 effector T cells is subdued, which leads to delayed viral clearance and reduced numbers of liver-residing CD8 memory T cells, while generation of central memory CD4 and CD8 T cells is preserved. Consistent with the mouse data, viral clearance of WNV is delayed in older adults, while at later time points WNV-specific memory T cells are more frequent and show evidence of affinity selection.
RESULTS

Conditional Deletion of miR-181ab1 in Mature T Cells
To study the miR-181a function in mature T cells, we used mice expressing Cre recombinase under control of the distal Lck promoter (dLck-Cre), which initiates Cre expression after thymic positive selection (Zhang et al., 2005) . We crossed dLck-Cre mice with Rosa26-YFP reporter mice (Rosa26 YFP ), which contain a loxP-flanked transcription termination site upstream of YFP under control of the ubiquitously expressed Rosa26 locus. dLck-Cre + Rosa26 YFP mice did not express YFP reporter in DP thymocytes and started to express YFP in SP thymocytes. Delayed Cre expression resulted in YFP expression in over 90% of CD8 T cells and 70% of CD4 T cells in the spleen ( Figure S2A ). We then crossed dLck-Cre + Rosa26 YFP mice with miR-181ab1 fl/fl mice to generate dLck-Cre + Rosa26 YFP miR-181ab1 fl/fl mice (referred to as miR-181a −/− mice) and dLck-Cre + Rosa26 YFP miR-181ab1 +/+ mice (referred to as wild-type [WT] mice). miR-181a in YFP + splenic T cells from miR-181a −/− mice was markedly reduced, with some minimal expression possibly deriving from the miR-181ab2 gene ( Figure S2B ). Deletion of miR-181a expression in mature T cells did not affect thymic T cell development, and miR-181a −/− mice had similar number of splenic CD4 and CD8 T cells as WT mice (Figures S2C and S2D) . Importantly, T cells in WT and miR-181a −/− mice expressed similar levels of surface TCR without aberrant activation phenotypes (Figures S2E and S2F) .
We screened T cells from miR-181a −/− mice for the expression of known miR-181a targets that are involved in regulation of T cell responses. SIRT1, previously shown to be targeted by miR-181a in mouse hepatocytes (Zhou et al., 2012) and human T cells (Ye et al., 2018) , was increased in miR-181a −/− CD4 T cells ( Figure S3A ). Also, we observed higher DUSP6 expression ( Figure S3B ) and reduced ERK phosphorylation after TCR stimulation (Figures S3C and S3D) . In contrast, AKT phosphorylation was equally induced in WT and miR-181a-deficient T cells, consistent with previous reports that PTEN was not upregulated in the miR-181a-deficient mice used here (Schaffert et al., 2015) , in contrast to the mice reported by Henao-Mejia et al. (2013) .
miR-181a Deficiency Impairs CD8 T Cell Expansion and Viral Clearance
We infected WT and miR-181a −/− mice with LCMV-Armstrong and assessed LCMVspecific CD8 T cell responses on day 8 using MHC class I tetramers. We observed a 2-to 3fold lower number of activated CD62L -CD44 + CD8 T cells from miR-181a −/− mice relative to WT mice in the spleen ( Figure 1A ). Relative frequencies of CD8 T cells specific to three viral peptides were similar in spleen and liver ( Figures 1B and S4A) ; reductions for all three peptide responses were seen in lymph nodes ( Figure S4A ). These data are consistent with the notion that miR-181a −/− mice globally generated fewer LCMV-specific CD8 T cells than WT mice, but without bias for the epitope recognized ( Figure 1C ). The reduction was not due to altered tissue migration, as we observed reductions in LCMV-specific CD8 T cells in lymph nodes and liver ( Figure 1D ).
To examine the ability of virus-specific CD8 T cells to produce effector cytokines on day 8, we restimulated whole splenocytes with cognate peptides ex vivo and measured intracellular cytokine production. Consistent with tetramer staining, we observed a 2-to 3-fold decrease in the number of LCMV-specific interferon gamma (IFNγ)-, tumor necrosis factor alpha (TNFα)-or interleukin 2 (IL-2)-producing CD8 T cells in the spleen from miR-181a −/− compared to WT mice ( Figure 1E ). While reduced in frequencies, virus-specific CD8 T cells were fully functional in producing cytokines upon ex vivo restimulation, indicating that miR-181a deficiency did not impair acquisition of effector functions ( Figures S4B and S4C ). On the contrary, miR-181adeficient virus-specific CD8 T cells had higher granzyme B expression and CD107a (LAMP1) cell surface staining on a per-cell basis (Figures S4D and S4E) .
Consistent with reduced frequencies of CD8 effector T cells, miR-181a −/− mice showed significant impairment in their ability to clear LCMV ( Figure 1F ). Taken together, these data demonstrate that miR-181a expression in mature CD8 T cells is functionally important for antigen-specific T cells to expand and clear the virus.
Delayed Viral Clearance in miR-181a −/− Mice Leads to Increased CD4 T Cell Responses
We next examined whether miR-181a deficiency also impairs antiviral CD4 T cell responses. Surprisingly, in contrast to reduced CD8 T cell responses, we observed an increase in LCMV glycoprotein 61-80 epitope (GP61)-specific tetramer + CD4 T cells in miR-181a −/− compared to WT mice on day 8 after LCMV infection ( Figure 2A ). Likewise, the frequency of CD4 T cells producing cytokines upon peptide restimulation was increased ( Figure 2B ). Like CD8 T cells, miR-181a-deficient CD4 T cells were on a per-cell basis equally able as WT cells to produce effector cytokines upon ex vivo restimulation ( Figure   2C ). The absence of a defect in T cell activation at the effector stage is consistent with the observation that miR-181a was very low in WT effector T cells. A kinetics of miR-181a expression in SMARTA cells, which are specific for the immunodominant CD4 epitope of the LCMV glycoprotein 61-80, showed a rapid decline of miR-181a after activation to minimal levels in effector cells; a partial recovery of miR-181a was seen in memory cells ( Figure 2D ).
To determine whether expansion of antiviral CD4 T cells is resistant to miR-181a deficiency and CD4 responses are therefore increased in miR-181a −/− mice, TCR transgenic SMARTA mice were crossed to miR-181a −/− mice to generate dLck-Cre + Rosa26 YFP miR-181ab1 fl/fl SMARTA mice (referred to as miR-181a −/− SMARTA mice) and dLck-Cre + Rosa26 YFP miR-181ab1 +/+ SMARTA mice (referred to as WT SMARTA mice). We co-transferred congenically marked naive WT and miR-181a −/− SMARTA CD4 T cells at a 1:1 ratio into B6 recipient mice and infected them with LCMV 1 day later ( Figure 2E ). Similar to miR-181a-deficient CD8 T cells, miR-181a −/− SMARTA CD4 T cells showed a significant reduction in expansion on day 8 in the spleen as well as lymph nodes and liver . Silencing of DUSP6 in miR-181a-deficient SMARTA cells before adoptive transfer was not able to restore clonal expansion ( Figure S5 ), consistent with the interpretation that a single miR-181a target did not account for the observed defect. Moreover, we observed a 2fold higher expansion of WT SMARTA CD4 T cells, when adoptively transferred into miR-181a −/− compared to WT mice, suggesting that the observed increased CD4 T cell intrinsically impairs expansion of CD8 as well as CD4 T cells, thereby delaying viral clearance. The longer persistence of viral stimulation appears to lead to a compensatorily increased antiviral CD4 T cell response.
miR-181a Deficiency Selects a More Diverse and Higher Affinity Virus-Specific CD4 T Cell Repertoire
Given the ability of miR-181a in regulating TCR activation thresholds, we explored whether miR-181a deficiency contracts the TCR repertoire responding to LCMV. On day 8 after LCMV infection, we sorted LCMV glycoprotein 33-41 epitope (GP33)-specific CD8 T cells from the spleens of WT and miR-181a −/− mice. cDNA was generated by 5 ′ rapid amplification of cDNA end (5′-RACE) PCR, and TRB sequences were amplified and sequenced. WT and miR-181a −/− mice harbored a similar number of 160 distinct GP33specific CD8 T cell clones ( Figure 3A ). Clonal size distribution was also similar, with 50% of the entire antigen-specific compartment made up by the ~18 top frequent clonotypes ( Figure 3B ). Accordingly, repertoire diversity, as determined by the Shannon entropy index, was not different ( Figure 3C ). Functionally, miR-181a-deficient CD8 effector T cells required similar amounts of GP33 peptide antigen to induce half-maximal responses compared to WT cells, indicating similar antigen sensitivity ( Figure 3D ). In summary, miR-181a deficiency affected the expansion but did not contract the repertoire of the responding CD8 T cell population.
In contrast, miR-181a deficiency influenced the repertoire of responding CD4 T cells. miR-181a-deficient GP61-specific CD4 effector T cells lacked a population of cells that weakly bound the tetramer ( Figure 3E ). The stronger tetramer binding corresponded to higher antigen sensitivity, as indicated by 20% less antigenic peptide needed to elicit a halfmaximal response ( Figure 3F ). In contrast, TCR-transgenic WT and miR-181a −/− SMARTA CD4 T cells had similar TCR expression and peptide antigen sensitivity at the peak of LCMV infection ( Figures 3G and 3H) , consistent with the interpretation that the observed differences were caused by clonal selection within a polyclonal population. In spite of the more stringent selection, a higher number of CD4 T cells with unique TRB sequences were recruited by LCMV in miR-181a-deficient than WT mice, resulting in increased repertoire diversity ( Figures 3I-3K ). These data indicate that not all CD4 T cell clones are recruited in the response to an acute infection; in the presence of a reduced CD8 T cell response, the size as well as the clonal diversity of the CD4 T cell responses is increased, presumably due to the higher persistence of antigen.
Defective Generation of miR-181a-Deficient Short-Lived Effector and Long-Lived Liver-Residing Memory CD8 T Cells
In antiviral T cell responses, CD8 T cells differentiate into memory precursor and short-lived effector T cells that can be distinguished based on variable expression of CD127 (IL-7Rα) and KLRG1 (Joshi et al., 2007; Sarkar et al., 2008) . The impaired expansion of miR-181adeficient CD8 T cells reflected a selective defect in the accumulation of terminally differentiated KLRG1 high CD127 low effector cells, whereas the number of KLRG1 low CD127 high memory precursor cells was not altered (Figures 4A and S6A) . Consistent with the relative increase in memory precursors, LCMV-specific miR-181a-deficient CD8 effector cells exhibited increased frequencies of IL-2 producers ( Figure S6B) . The difference in the frequencies of KLRG1 + cells even widened while frequencies were declining subsequent to the peak response ( Figure 4B ). In contrast, frequencies of CD127 high longlived memory CD8 T cells were not different in both mice, arguing against a kinetic difference in antiviral CD8 T cell responses ( Figure 4B ).
On days 80 to 90 after infection, LCMV-specific memory CD8 T cell numbers in the spleens of WT and miR-181a −/− mice were similar; however, central memory cells were relatively enriched in miR-181a-deficient mice, as shown by increased CD62L and CD27 expression ( Figures 4C, 4D , and S6C-S6E). Consistent with this functional bias, we saw increased frequencies of antigen-specific T cells in lymph nodes (Figures 4E and S6F) . In contrast, miR-181a −/− mice had notably fewer LCMV-specific tissue-residing CD8 T cells in liver compared to WT mice ( Figure 4F ). This reduction equally affected CD69-and CXCR6expressing cells ( Figure 4G ). Together, these data suggest that miR-181a deficiency impairs generation of effector CD8 T cells, resulting in lower frequencies of long-lived virus-specific CD8 T cells in tissues after the infection has been cleared.
Memory CD8 T cells developed in miR-181a −/− mice differed in functionality compared to WT CD8 T cells. Tetramer staining intensity was increased, suggesting more stringent selection for affinity ( Figure S7A ). In parallel, IFNγ and IFNα production on a per-cell basis was increased, and a higher proportion of cells co-produced IFNγ, IFNα, and IL-2, indicating polyfunctionality ( Figures S7B and S7C ). To examine their function in vivo, WT and miR-181a-deficient memory CD8 T cells were isolated from the spleens of WT and miR-181a −/− mice on day 50 after LCMV infection. Identical numbers of GP33-specific memory CD8 T cells were then adoptively transferred into naive B6 recipients, followed by LCMV infection 1 day later. Similar to the primary response, miR-181adeficient memory CD8 T cells had significantly reduced recall expansion in all tissues examined ( Figure 4H ). In summary, increased central memory phenotypes of miR-181a-deficient memory CD8 T cells did not translate into increased secondary responses.
Viral Infection Induces Increased Number of Functional miR-181a-Deficient Memory CD4 T Cells
To examine whether miR-181a deficiency influenced CD4 T cell differentiation, we analyzed SMARTA effector cells after co-transfer of WT and miR-181a −/− naive SMARTA cells into B6 recipient mice and LCMV infection. On day 8, miR-181a-deficient SMARTA cells included proportionally more T follicular helper (Tfh) cells and less Th1 cells than their WT counterparts ( Figure 5A ). When taking into account the reduced expansion of miR-181a-deficient SMARTA cells ( Figures 2E-2G ), we observed fewer Th1 cells lacking miR-181a, whereas the number of Tfh cells was not significantly altered ( Figure 5A ). A similar relative bias toward Tfh cell differentiation in miR-181a deficient cells was observed in polyclonal CD4 T cell responses ( Figure 5B ). These data are consistent with the model that strong TCR signals promote the expansion of Th1 over Tfh cells, while Tfh cells are efficiently developed when TCR signals are weaker (Krishnamoorthy et al., 2017; Snook et al., 2018) . Also, memory CD4 T cells that are similar to Tfh cells in their differentiation pathways were relatively increased in miR-181a −/− mice in the spleen as well as lymph nodes ( Figures 5C and 5D ). Moreover, memory CD4 T cells derived from miR-181adeficient cells had enhanced functions, as shown by stronger binding to tetramers, increased amounts of cytokine production on a per-cell basis, increased frequency of cells producing multiple cytokines, and heightened sensitivity to peptide antigen ( Figures 5E-5H ).
To determine whether the findings in the mouse model of miR-181a-deficient T cells accurately recapitulate human immune aging, we examined antigen-specific T cells in individuals who had had an acute infection with WNV at young or old age. WNV-specific memory T cells in the blood were examined by using the HLA-A2 restricted Env 430-438 tetramer for CD8 T cells( Figures 6A-6C ) and the DRB1*01:01 or DRB1*04:01 restricted NS1 205-220 tetramers for CD4 T cells ( Figures 6E-6G ). We screened 48 individuals for the appropriate HLA types; due to the nature of tetramer studies, the final study population was small precluding definite conclusions, but showed suggestive trends. Phenotypes of virusspecific memory T cells were not influenced by age. WNV-specific CD8 T cells expressed CD45RA and in part CCR7, phenotypically resembling naive cells as described for yellowfever-specific cells (Akondy et al., 2017) , while all WNV-specific CD4 T cells expressed CD45RO, consistent with memory cells ( Figures 6B and 6F ). Frequencies of WNV-specific memory CD8 as well as CD4 T cells were generally higher in older than young individuals. Importantly, WNV-specific memory T cells in older subjects bound their cognate tetramers more strongly than cells of young individuals, mirroring the data in the mouse model ( Figures 6C and 6G ). This increased tetramer staining of WNV-specific memory T cells inversely correlated with the miR-181a expression in naive T cells for both the CD8 and the CD4 subsets ( Figures 6D and 6H ).
Repertoire Contraction in Recall Responses of miR-181a-Deficient Memory CD4 T Cells
To examine recall function, LCMV-immune mice that had previously received WT and miR-181a −/− SMARTA cells and were infected with LCMV, were challenged with recombinant Listeria monocytogenes expressing the LCMV glycoprotein 61-80 epitope (Lm-gp61). Similar to the primary response, miR-181a-deficient SMARTA memory cells had a defect in their ability to generate responses, resulting in a progressive underrepresentation of miR-181a-deficient cells upon secondary infection with preferential diminution of non-Tfh cells ( Figure 7A ). Similar results were observed during recall responses of polyclonal memory CD4 T cells by challenging LCMV-immune WT and miR-181a −/− mice with Lm-gp61 ( Figures 7B and 7C) . A closer analysis of tetramer + CD4 T cells at the peak of recall responses demonstrated strong binding to tetramers and higher antigen sensitivity to antigen stimulation by miR-181a-deficient than WT secondary effectors ( Figures 7D and 7E ).
We next determined whether the reduced expansion miR-181a-deficient memory T cells in the recall response is associated with repertoire selection. Comparison of TRB sequences of GP61-specific CD4 T cells at the memory state and the peak of the recall response revealed that the number of unique T cell clones responding in the recall challenge was significantly lower than that of the unstimulated memory repertoire in miR-181a −/− mice. Accordingly, the Shannon diversity index declined ( Figure 7F ). In contrast, all memory CD4 T cell clones in WT mice equally contributed to the secondary responses without skewing toward particular clones ( Figure 7F ). Together, these data suggest that not all miR-181a-deficient memory CD4 T cells are capable of responding in a secondary challenge.
DISCUSSION
Previous studies have shown that T cell aging in humans is associated with a decline in miR-181a expression, in particular in naive T cells . Since miR-181a targets several phosphatases that attenuate TCR signaling, the age-associated decline has been implicated in rendering aged T cells less responsive to antigenic stimulation (Goronzy and Weyand, 2013) . Here, we used a mouse model with conditional deletion of miR-181ab1 in mature T cells to examine the impact on antiviral immune responses and delineate similarities to human immune aging.
miR-181a deficiency in CD4 or CD8 T cells impaired the expansion of antigen-specific cells after LCMV infection, consistent with defective TCR signaling. In contrast to its role in thymic selection, miR-181a deficiency did not exclude lower-affinity T cells from responding; however, impaired their expansion. This reduced expansion was not solely due to the overexpression of DUSP6 and the associated selective inhibition of ERK phosphorylation, as DUSP6 silencing alone did not restore expansion. Evidence of repertoire selection during clonal expansion was observed for CD4 but not CD8 T cells, with selection of effector as well as memory T cells binding the tetramer with higher affinity and responding to lower antigen concentrations. A similar constraint in repertoire selection appears to also occur with age in humans. Memory T cells from individuals who acquired WNV infection at older age showed higher tetramer binding than young individuals.
Impaired antiviral CD8 T cell responses in miR-181a −/− mice delayed viral clearance, which is characteristic for the aged immune system (Bender et al., 1991; Brien et al., 2009; Kapasi et al., 2002; Schulz et al., 2015; Smithey et al., 2011) . Unexpectedly, CD4 T cell responses in miR-181a −/− mice were enhanced, both in terms of clonal expansion as well as repertoire diversity. miR181a-deficient SMARTA CD4 T cells expanded less than WT SMARTA in the same host, similar to miR-181a-deficient CD8 T cells. Moreover, WT SMARTA cells expanded more in miR-181a −/− than WT mice. Taken together, the increased expansion of miR-181a-deficient CD4 T cells appears to be caused by viral persistence. In concordance with this observation, studies have shown that a brief encounter with antigen is sufficient to activate CD8 T cells (Kaech and Ahmed, 2001) , whereas CD4 T cells require prolonged TCR stimulation for full effector and memory differentiation (Obst et al., 2005; Williams and Bevan, 2004; Wil liams et al., 2008) . In a mouse model of influenza infection, memory CD4 T cell generation was promoted by recognition of antigen at later stages (Jelley-Gibbs et al., 2005; McKinstry et al., 2014) .
The observations of a skewing in the murine T cell response are pertinent for understanding the age-associated defects in human T cell responses to infections or vaccinations. Vaccine studies with live-attenuated yellow fever virus (YFV) have shown that older individuals had fewer YFV-specific CD8 T cells at the peak response and prolonged viremia than did young individuals (Roukens et al., 2011; Schulz et al., 2015) . In parallel, YFV-specific CD4 T cells in these older vaccinees underwent prolonged expansion after YFV vaccination (Schulz et al., 2015) . Increased frequencies of WNV-specific memory CD4 T cells in older individuals who had prior WNV infection were reported in a previous study as well as confirmed here (James et al., 2016) . In conclusion, the response patterns of antiviral CD8 and CD4 T cells and the kinetics of viral clearance are interlinked and at least in part determined by the miR-181a expression in peripheral T cells. Of particular interest, we propose that the ageassociated defect in viral clearance is due to defective CD8 T cell effector generation and the antiviral immune response in elderly individuals has to rely on the recruitment of a broadening repertoire of antigen-specific CD4 T cells.
Along with costimulatory molecules and cytokines, TCR signal strength controls effector versus memory T cell differentiation (Daniels and Teixeiro, 2015) . Strong activation signals are required for terminal effector cell differentiation, while memory precursor cells are generated by a relatively weak stimulation. In concordance with this concept, reduced expansion of miR-181a-deficient CD8 T cells largely resulted from severe impairment of short-lived effector cell generation. Most strikingly, we found that miR-181a deficiency reduced the frequency of tissue-residing CD8 T cells in the liver not only during acute infection, but also at later memory time points. It is possible that the size of effector CD8 T cell responses during primary infection determines the number of more long-lived memory T cells in the tissue or that miR-181a support their generation and survival by some other mechanism. Recent human studies have identified tissue-residing memory T cells in the liver that are distinct from circulating T cells and persist not only in chronic infection but also after viral clearance (Pallett et al., 2017) . Whether miR-181a deficiency impairs the generation of such a distinct tissue-resident memory T cell population remains to be proven, but would have obvious implications for immune health. Reduced frequencies of tissueresident memory T cells could indeed explain in part the increased susceptibility in older individuals to respiratory infections. Cutaneous infections and malignancies are also more frequent in older humans (Vukmanovic-Stejic et al., 2011) . Quantitative studies of ageassociated changes in tissue-resident memory T cells are only in the beginning (Kumar et al., 2018) . Recall responses to varicella zoster virus in older individuals are reduced in the skin, but normal in the circulation, which may reflect defective tissue-resident memory T cell function (Agius et al., 2009) .
Corresponding to the model that strong TCR signaling in CD8 T cells favors generation of effector over memory precursor cells, weaker signals also bias CD4 T cell differentiation to Tfh cells over Th1 cells (Krishnamoorthy et al., 2017; Snook et al., 2018) . Indeed, we observed a selective effect on Th1 cells with miR-181a-deficient SMARTA cells, while Tfh cell generation was not altered. Moreover, we observed enhanced polyfunctionality, such as co-production of multiple cytokines with higher amounts on a per-cell basis in miR-181a −/− mice. In spite of the polyfunctionality, we did not see a robust recall response of miR-181adeficient memory T cells. Instead, the secondary expansion was again impaired, with narrowing of the antigen-specific CD4 T cell repertoire recruited by recall antigen. Therefore, the increased frequency of polyfunctional memory CD4 T cells did not translate into improved recall responses.
How well do these findings reflect the immune response in older individuals? Viral clearance is delayed in human immune aging, consistent with the reduced expansion of effector T cells. Surprisingly, several reports have found polyfunctionality in T cell responses of older individuals. The ability of human T cells with superantigen staphylococcal enterotoxin B to produce multiple cytokines increased with age (Van Epps et al., 2014) . Also, polyfunctionality of CD8 T cells is increased in individuals with latent cytomegalovirus (CMV) infection (Pera et al., 2014) and does not decline with age for WNV, CMV, and Epstein-Barr virus (EBV)-specific CD8 T cells (Lelic et al., 2012) . Moreover, the broadening of the CD4 TCR repertoire in miR-181a −/− mice with defective CD8 T cell responses is reminiscent of the more diverse T cell response to new infection in old mice chronically infected with murine CMV (Smithey et al., 2018) .
In contrast, impaired Tfh generation is not apparent in the miR-181a-deficient mouse model. Circulating Tfh are increased with age; however, after influenza vaccination, frequencies correlate with humoral vaccine responses only in young but not old (Herati et al., 2014) . Several microRNAs change expression level with aging (Gustafson et al., 2019) ; many of these age-associated changes mirror those seen with differentiation; also, age-associated epigenetic changes such as increased chromatin accessibility to bZIP transcription factors document that aged cells are more differentiated (Moskowitz et al., 2017) . Some of the changes in microRNA expression may counteract those observed with miR-181a deficiency as recently shown for the age-associated increased production of miR-21 that favors Th1 effector cell generation .
In conclusion, we have developed a murine model based on a molecular defect that is correlated with human T cell aging. This model of mice with miR-181a-deficient T cells resembled several facets of the antiviral T cell response in older individuals including the failure to generate effector CD8 T cells resulting in delayed viral clearance and increased reliance on a larger and more diverse CD4 T cell response. In contrast to conventional models using aged mice, this approach is not dependent on the assumption that the process of T cell aging is analogous in spite of the large difference in life span and in the mechanisms of T cell homeostasis. Moreover, it allows studying the consequences of one defect in isolation reducing the complexity of aging studies and enabling the identification of pathways to be targeted. glycoprotein 61-80 epitope presented by IA b , were crossed to dLck-Cre + Rosa26 YFP miR-181ab1 fl/fl mice to generate miR-181a-deficient SMARTA mice and fully backcrossed to B6 mice. dLck-Cre + Rosa26 YFP miR-181ab1 +/+ mice were used as wild-type control mice for all experiments to exclude effects resulting from the Cre recombinase and YFP expression. Both sexes were included in the study. All animal experiments were approved by the Stanford University Institutional Animal Care and Use Committee.
Human study population-A cohort of 48 individuals previously recovered from WNV infection were HLA genotyped; six 22 to 50 year-old (all female) and five 70 to 79 year-old (4 male and 1 female) individuals who typed HLA-A*02:01, HLA-DRB1*01:01 and/or HLA-DRB1*04:01 were selected for tetramer staining. Blood samples were obtained between 1 and 6 years (young/middle-aged adults) and 3 and 7 years (old adults) after infection. The studies were approved by the University of Arizona and the Stanford University Institutional Review Boards.
Cell culture-BHK (ATCC CCL-10) hamster kidney fibroblast cells, Vero (ATCC CCL-81) monkey kidney epithelial cells and Plat-E (Cell Biolabs, Inc.) based on 293T human embryonic kidney cells were propagated in DMEM supplemented with 10% fetal bovine serum and 100 U/ml penicillin and streptomycin (Thermo Fisher Scientific). Cells were maintained at 37°C with 5% CO 2 .
METHOD DETAILS
Infections-LCMV-Armstrong was grown in BHK cells and titered in Vero cells as described previously (Ahmed et al., 1984) . Mice were infected i.p. at a dose of 2 × 10 5 plaque-forming units (PFU). Organs were homogenized, and LCMV titers were determined by plaque assay on Vero cells. For recall responses of CD4 memory T cells, recombinant Listeria monocytogenes expressing the LCMV glycoprotein 61-80 epitope (Lm-gp61) were grown to log phase in BHI broth and concentration determined by measuring the O.D. at 600 nm (O.D. of 1 = 1 × 10 9 CFU/ml). LCMV-immune mice were injected i.v. with 2 × 10 5 colony forming units (CFU) for recall responses. All mice analyzed were infected at 8-10 weeks of age, and both sexes were included.
Adoptive transfer-For adoptive transfer of SMARTA CD4 T cells, naive CD4 T cells were negatively isolated from the spleen of wild-type SMARTA mice (CD45.1 + ) using a naive CD4 T cell isolation kit (Miltenyi Biotec). 10 4 naive SMARTA CD4 T cells were then adoptively transferred i.v. into WT or miR-181a −/− hosts (CD45.2 + ) before LCMV infection. For adoptive co-transfer experiments of WT and miR-181a −/− SMARTA cells, naive CD4 T cells were isolated from the spleens of WT (CD45.1 + ) and miR-181a −/− (CD45.2 + ) SMARTA mice. Cells were then mixed at a 1:1 ratio, and a total of 1×10 4 YFP + SMARTA CD4 T cells were injected i.v. into B6 recipient mice 1 day prior to LCMV infection. For recall response of memory CD8 T cells, WT and miR-181a −/− mice were infected with LCMV. On day 50, CD8 T cells were negatively isolated from the spleen using a CD8 T cell isolation kit (Miltenyi Biotec), and CD44 + memory CD8 T cells were then positively enriched using anti-CD44-biotin and anti-biotin microbeads (Miltenyi Biotech). ~8×10 4 Kim et al.
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Cell preparations and flow cytometry-Single-cell suspensions of spleen, lymph nodes and liver were placed in DMEM supplemented with 10% fetal bovine serum and 100 U/ml penicillin and streptomycin (Thermo Fisher Scientific). For cell surface staining, cells were incubated with fluorescently conjugated antibodies at 4°C in antibody staining buffer (PBS with 1% FBS). IA b LCMV GP66-77 DIYKGVYQFKSV (GP66), D b GP33-41 KAVYNFATC (GP33), D b GP276-286 SGVENPGGYCL (GP276) and D b NP396-404 FQPQNGQFI (NP396) tetramers were obtained from the NIH tetramer core facility (Atlanta, GA). IA b GP66 tetramers were incubated with cells in RPMI1640 containing 2% FBS and 0.1% sodium azide at 37°C for 2 hours, followed by cell surface staining. To stain LCMV-specific CD8 T cells, cells were incubated with D b CD8 tetramers along with cell surface antibodies at 4°C for 30 minutes in antibody staining buffer. For intracellular cytokine assays, cells were restimulated for 4 hours with 10 uM GP61-80 peptide (GLKGPDIYKGVYQFKSVEFD),0.1 uM GP33-41 peptide, 0.1 uM GP276-286 peptide or 0.1 uM NP396-404 peptide at 37°C in the presence of brefeldin A (GolgiPlug, BD Biosciences). To assess degranulation of CD8 T cells, fluorescently labeled anti-CD107a and monensin (GolgiStop, BD Biosciences) were added during ex vivo restimulation. Cells were then stained with cell surface antigen-specific antibodies, permeabilized with Cytofix/ Cytoperm kit (BD Biosciences) and stained with fluorescently labeled antibodies specific to the indicated cytokines. To determine antigen sensitivity of cells in functional responses, splenocytes were restimulated with a range of peptide concentrations. The percentage of maximal response was determined by calculating the frequency of IFNγ-producing cells at any given concentration as a percentage of the frequency of IFNγ-producing cells at the highest peptide concentration. The effective peptide concentration required to elicit a halfmaximal IFNγ production was then calculated. For staining of phosphorylated signaling proteins, total T cells negatively isolated using a Pan T cell isolation kit (Miltenyi Biotec) were stimulated by CD3 cross-linking at 37°C, fixed with Cytofix buffer (BD Biosciences) for 10 minutes at 37°C and permeabilized with Perm buffer III (BD Biosciences) for 30 minutes on ice. Cells were then incubated with fluorescently labeled antibodies for 60 minutes at room temperature. The following fluorochrome-conjugated antibodies were used for flow cytometry: anti-CD4 (RM4.5; BioLegend), anti-CD8 (53-6.7; BioLegend), anti-CD44 (IM7; BioLegend), anti-CD62L (MEL-14; BioLegend), anti-CD45.1 (A20; BioLegend), anti-CD45.2 (104; BioLegend), anti-Va2 (B20.1; BioLegend), anti-TCRβ (H57-597; BioLegend), anti-B220 (RA3-6B2; BioLegend), anti-KLRG1 (2F1; SouthernBiotech), anti-IL7Rα (A7R34; BioLegend), anti-CXCR5 (2G8; BD Biosciences), anti-SLAM (TC15-12F12.2; BioLegend), anti-CD27 (LG.3A10; BioLegend), anti-CD69 (H1.2F3; BioLegend), anti-CXCR6 (SA051D1; BioLegend), anti-CD107a (1D4B; BioLegend), LIVE/DEAD Fixable Aqua (Thermo Fisher Scientific), anti-IFNγ (XMG1.2; BioLegend), anti-IFNα (MP6-XT22; BioLegend), anti-IL-2 (JES6-5H4; BioLegend), anti-Granzyme B (GB11; BDBiosciences), anti-p-ERK (T202/Y204; 20A; BD Biosciences) and anti-p-AKT (S473; M89-61; BD Biosciences). Cells were analyzed on an LSRII or LSR Fortessa (BD Biosciences), and flow cytometry data was analyzed using FlowJo (TreeStar).
Retroviral production and transduction-Dusp6 shRNA sequence (5′-TGCTGTTGACAGTGAGCGAACACATCGAATCTGCCATTAATAGTG AAGCCACAGATGTATTAATGGCAGATTCGATGTGTGTGCCTACTGCCTCGGA-3 ′ ) was cloned into pLMPd-Ametrine vector, an MSCV-based retroviral vector for the expression of mir30-flanked shRNA (Choi and Crotty, 2015) . The pLMPd-Ametrine vector with mouse shCD19 (shCtrl) was used as a control. The methods of retroviral production and transduction have been described in details (Choi and Crotty, 2015) . Briefly, virion was produced by transfection of a vector into Plat-E cells. Culture supernatants were collected 48 and 72 hours after transfection, filtered through a 0.45-mm syringe filter (Milipore) and saved at 4 C until use. For retroviral transduction, miR-181a-deficient naive SMARTA CD4 T cells were activated with anti-CD3 (145-2C11; Thermo Fisher Scientific) and anti-CD28 (37.51; Thermo Fisher Scientific) adsorbed on plates. Cell were transduced with retrovirus at 24 and 36 hours after stimulation. After 72 hours, cells were washed and rested for another 3 days. Retrovirally transduced miR-181a-deficient SMARTA CD4 T cells (Ametrine + YFP + CD4 + ) were sorted and 10 4 shRNA + SMARTA cells were intravenously transferred into B6 hosts, followed by LCMV infection three days later.
Analysis of West Nile virus-specific T cells-HLA-A*02
restricted Env 430-438 (SVGGVFTSV), DRB1*01:01 restricted NS1 205-220 (RLNDTWKLERAVLGEVK) or DRB1*04:01 restrictedNS1 205-220 (RLNDTWKLERAVLGEVK) tetramers were described previously (James et al., 2016; Piazza et al., 2010) and obtained from the NIH tetramer core facility (Atlanta, GA). PBMC from individuals who acquired WNV infection previously were incubated with indicated tetramers for 1 hour at room temperature. Cells were then washed and stained with fluorochrome-conjugated surface antibodies including anti-CD3 (HIT3a; BD Biosciences), anti-CD4 (RPA-T4; BD Biosciences), anti-CD8 (RPA-T8; BD Biosciences), anti-CCR7 (G043H7; BD Biosciences), anti-CD45RA (HI100; BD Biosciences) and LIVE/DEAD Fixable Aqua (Thermo Fisher Scientific).
Generation of TRB gene libraries and high-throughput sequencing-After
LCMV infection of WT and miR-181a −/− mice, splenic D b GP33 tetramer + YFP + CD8 T cells and IA b GP66 tetramer + YFP + CD4 T cells were sorted at indicated time points to > 97% purity on FACSAria (BD Biosciences). Total RNA was prepared using the RNeasy Micro Kit (QIAGEN), and first strand cDNA was generated by 5′ rapid amplification of cDNA end (5′ RACE) PCR using a SMARTer® RACE 5′/3′ kit (Clontech). TRB genes were amplified with the forward primer specific to the SMARTer II A oligonucleotide (5′-GGCATTCCTGCTGAACC GCTCTTCCGATCTNNNNACTAGGTAAAGCAGTGGTATCAACGCAGAGT-3′) and the reverse primer specific to constant region of TRB (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCT NNNNxxxxxxxxTGGCTCAAACAAGGA GACCT-3′). xxxxxxxx in the reverse primer represents barcode sequence. Illumina sequencing adaptors were added in a second PCR, amplicons were separated on an agarose gel using a QIAquick gel extraction kit (QIAGEN), pooled in equal amounts and sequenced with an Illumina Miseq sequencer (2 × 350-bp with paired-end reads).
Analysis of TCR Repertoires-The reads obtained from Miseq were de-barcoded after trimming adaptors, then aligned to the mouse TRB reference sequence library from IMGT (Jan-2017) (Lefranc and Lefranc, 2001) and assembled into TCR sequences using MiXCR v2.1.2 (Bolotin et al., 2015) . The TCR sequences were filtered to exclude sequences contacting stop codons and out of frames along with those having CDR3 amino-acid length greater than 30. Identified TCR sequences were again filtered to include only those that occupy 97% of the total clonal space in each replicate in order to minimize contamination with erroneous sequences due to technical and clustering errors. Resulting clones were used for downstream analyses. Shannon diversity index, which reflects both abundance and richness, was used for evaluation of TRB sequence diversity (Stewart et al., 1997) . Shannon diversity index was calculated as H' = −∑[p i × ln(p i )], where p i is the proportion of TCR sequence i.
Western blotting-FACS-sorted cells were lysed in RIPA buffer containing PMSF and protease and phosphatase inhibitors (Santa Cruz Biotechnology) for 30 minutes on ice. Proteins were separated on denaturing 4%-15% SDS-PAGE (Bio-Rad), transferred onto PVDF membrane (Millipore) and probed with antibodies to SIRT1 (D60E1; Cell Signaling Technology), DUSP6 (ab76310; Abcam) and β-actin (13E5;Cell Signaling Technology). Membranes were developed using HRP-conjugated secondary antibodies and Pierce ECL western blotting substrate (Thermo Fisher Scientific).
miRNA quantification-Total RNA was isolated with a miRNeasy Micro kit (QIAGEN) or Trizol reagent (Thermo Fisher Scientific). RNA was reverse-transcribed using the miRCURY LNA Universal RT microRNA cDNA synthesis kit (Exiqon). Mature miR-181a expression levels were assessed by quantitative RT-PCR using the miRCURY LNA UniRT PCR primer for miR-181a-5p (Exiqon) and Power SYBR® Green PCR Master Mix (Thermo Fisher Scientific). U6 or RNU48 (Exiqon) were used as internal control to normalize miR-181a expression. In some experiments, a TaqMan MicroRNA Reverse Transcription kit and TaqMan MicroRNA Assays (Thermo Fisher Scientific) were used for reverse transcription and quantitative RT-PCR of miR-181a and sno202. Expression levels were displayed as 2 −ΔΔ Ct.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using Prism (GraphPad). Unless stated otherwise, data are presented as mean, and error bars indicate the standard error of the mean. Paired or unpaired two-tailed Student's t tests were used for comparing two groups. Two-way ANOVA with Tukey's post hoc test was used for multi-group comparisons. p < 0.05 was considered statistically significant. Statistical details and significance can be found in the figure legends.
Highlights
• miR-181a deficiency in naive T cells is a hallmark of human and murine T cell aging
• miR-181a deficiency in T cells from young mice resembles aged T cell responses (E) Representative histogram of tetramer binding intensity of IA b GP66 tetramer + YFP + CD4 T cells (left) and summary data of tetramer mean fluorescence intensity (MFI) from one experiment (right). Filled gray in histogram indicates naive CD4 T cells.
(F) Dot plot shows the effective GP61 peptide concentration required to elicit a halfmaximal IFNγ production after in vitro restimulation. (G and H) WT and miR-181a-deficient SMARTA cells were co-transferred into WT mice that were then infected with LCMV. MFI expression of the SMARTA TCR as histogram (G, left) , summary plot from 5 mice in each group (G, right) , and half-maximal effective concentration (EC 50 ) of IFNγ production by SMARTA cells after peptide restimulation in vitro ( 
